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ABSTRACT

Rollovers tend to be very severe crashes because of the energy required to roll a vehicle 

over unlike front and side crashes.  This study is an effort towards reducing the severity of a 

rollover crash by strengthening the roof of a passenger car.  The main focus of this thesis is to 

study the effect of reinforcing the roof of a car, in the event of a rollover.   An E-

glass/polypropylene isogrid composite panel, which is known for high specific energy absorption 

under impact, is used in reinforcing the roof of a ford Taurus car and the force-displacement 

response of the roof structure is observed in contrast to the same while without the roof 

reinforcement.  The non-linear Finite Element Analysis (FEA) simulation of this rollover event is 

performed in LS DYNA computer code.  The simulation setup is done in accordance with 

Federal Motor Vehicle Standard (FMVSS) No. 216, which is a static study of roof strength in the 

case of rollover accidents.  A study of roof strength characteristics under dynamic loading, 

involving rollover forces and velocities, is also carried out.  The simulation in the latter case 

involves dropping the car, inverted at a certain pitch and roll offset against gravity from a certain 

predetermined height onto a concrete surface.  The results of the above simulations show that 

Isogrid composite panels are excellent reinforcements for a car roof, stiffening the roof and 

increasing its resistance to crush in a rollover accident.    This study will help in recommending 

the use of isogrid panels in the design of car roofs with better roof crush characteristics.
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CHAPTER 1

INTRODUCTION

1.1 Motivation 

Each year in the United States, about 280,000 light vehicles are involved in rollovers with 

a very significant number of occupant injuries and fatalities. Rollover vehicle accidents account 

for more than 10,000 deaths in the U.S. in a given year, more than side and rear crashes 

combined.  Rollovers are complex events, influenced by the design of the vehicle involved and 

by driver and road characteristics.  All vehicles can roll over and all types of vehicles roll over 

given certain conditions.  SUVs have the highest number of rollovers per 100 crashes, but due to 

the higher numbers of passenger cars on the road, nearly half of all rollovers which occur involve 

passenger cars.  The comprehensive cost of injuries and fatalities in rollover accidents is about 

$40 billion per year according to estimates. Most common factors in rollovers are roof intrusion 

and roof contact.

One effort at reducing the likelihood of a rollover is electronic stability controls, which 

are designed to assist drivers in maintaining control of their vehicles.  Electronic stability 

controls sense when a vehicle is starting to spin out or fishtail, over steer, or plow out, under 

steer, and turn the vehicle to the appropriate heading by automatically applying the brake at one 

or more wheels.  Some systems automatically slow the vehicle with brake and throttle 

intervention.  Not only must manufacturers take significant steps to minimize the risk of a 

rollover crash occurring in the first instance, but vehicle manufacturers must also minimize the 

risk of injury to occupants involved in a rollover.  This latter concept on occupant protection has 

come to be known as crashworthiness.
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Roof intrusion and roof contact are common factors in rollovers.  Rollover crashes are the 

most dangerous collision type for light duty vehicles, measured by the ratios of fatal and serious 

injuries to the number of occupants involved in towaway crashes.  Based upon crash data in 

NHTSA’s (National Highway Traffic Safety Administration) National Automotive Sampling 

System (NASS) for 1995-1999, an estimated 26,376 vehicle occupants sustain serious or fatal 

injury due to rollover annually.  Over half of these are ejected, and about 13,000 are occupants 

who remain in the vehicle.  In 7, 460 cases, at least one injury was due to roof contact, and roof 

intrusion was present for 6,934 (93%) of those involved.  Over half (3,734) of those sustaining 

injury with the occurrence of roof intrusion were belted.  Thus, roof intrusion is estimated to 

occur, and potentially contribute to serious or fatal occupant injury, in about 26% (6,934 out of 

26,376) of the rollover crashes.

A study by Partyka [3] concluded that 15% of the drivers in rollover are injured by roof 

intrusion.  It was also found that the roof alone was the most frequently reported source of injury 

and the head was the body part most frequently injured by these contacts.  Further, 89% of 

injured drivers received their most serious injuries from the roof.  In another study by NHTSA 

[1] to determine the significance of roof crush in causing head injuries, four upper interior 

components including the roof were examined as injury sources in particular group of accidents.  

These components include the roof, side rail, from header and A-pillar.  The injuries recorded 

include fractures, brain hemorrhages, neck sprains, skin abrasions and cuts to head, face and 

neck.  This study ascertained the fact that roof intrusions contribute most towards head and neck 

injuries.

With such staggering injuries and fatalities, study of roof intrusion in rollover is of 

paramount importance among other light vehicle accidents.
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1.2 Rollover Mechanism

The mechanism of a Rollover accident can be explained by simple Physics. Vehicles with 

a high center-of-gravity and a comparatively narrow track are relatively unstable as a natural 

fact. The situation can be improved by altering either of the factors mentioned above.   The 

Center of Gravity can be lowered or the track width widened or both to improve stability of the 

vehicle.

Whenever a vehicle makes a turn, Newton's First Law indicates that it wants to go 

straight, so the tires must therefore create a lateral "centripetal force". This is entirely due to 

friction between the tires and the roadway. If the road is icy and slick, coefficient of Static 

Friction is low and hence not enough to create the centripetal force.  When this happens the 

vehicle would slide straight rather and not roll over. A rollover situation only occurs when there 

is enough friction between the tires and road to create sufficient centripetal force. 

Force acting on the vehicle, is F = ma (force equals mass times acceleration, according to 

Newton’s law), expressed for a curved motion.   For a Vehicle turning right, the tire-road friction 

is to the right and there is also an effect called centrifugal force that seems to exist to the left as 

shown in Figure 1.1. 

Figure 1.1: Top View of a car attempting to make a right turn

It is actually just the condition of the vehicle wanting to go straight (in accordance with 

Newton's Laws) and so this apparent centrifugal force (to the left) is exactly equal in size with 
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the (actual) centripetal force (to the right) making the vehicle turn the corner. The driver feels as 

though there is a force on him to the left. The reality is that the vehicle and seat are moving to the 

right underneath him, and the driver has that sensation (of centrifugal force) only because his 

body is trying to go straight. 

The F = ma for a circular motion is in the form F = (w * v * v) / (g * r). [w = vehicle 

weight; v = velocity/speed; r = circle radius; and g = acceleration due to gravity]. 

That force is the force that the tires traction must exert sideways on the vehicle to make it 

turn in the circle rather than going straight the way it would have normally wanted to go.

This force can be visualized to be acting at one point of the vehicle, often called the Center-of-

Gravity (CG) which is a point on the centerline of the vehicle and through the length on which 

the entire vehicle could be balanced as shown in the Figure1.2. Since the vehicle is considered 

here as one solid object, it can be mathematically treated as though all of its weight is at that one 

point.

Figure 1.2: Front View of a car showing the Center of Gravity of the car.

Due to the weight (mass) of the vehicle acting as though it is at the height of the CG, and 

that there is a lateral force, the centripetal force being applied by the tires and road at the height 

of the road surface on that weight, to the left (Refer Figure1.2.1). This horizontal force does not 
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act at or on the CG directly because it is at the wrong height. Therefore, it not only acts to push 

the weight/CG sideways but it also tries to twist the vehicle around the CG. This twisting action 

is where the initiation of the rollover occurs.

The force acting on the vehicle has been considered until now, seen from the ground, and 

hence a horizontal arrow has been drawn to the left at a height of the bottom of the tires, 

representing the actual centripetal force acting on the vehicle by the road.  This can also be 

translated as an identical force to the right and acting on the CG as shown in Figure 1.3. The 

effect is exactly the same, regarding the action to rotate/twist the vehicle.

Figure 1.3: Sideways force acting on the vehicle at the Center of Gravity.

Figure 1.3 shows the sideways force that is acting on the vehicle, as seen from the front, 

and still acting on the CG. It can also be seen in figure 1.4 that if the (outer) rightmost tire is held 

from sliding sideways to the right (by friction with the roadway), then the force arrow will act to 

try to roll the vehicle over (to the right in the figure). All this happens because the height of the 

CG and the height of the frictional force with the road are at different heights, which then allow 

the twisting effect as a result. The horizontal lateral force is at right angles to the component 

between the CG and the tire tread, and so it is aimed upward and outward as shown. This 

component acts to roll the vehicle over, around that (outer) tire tread. 
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Figure 1.4:  Force components trying to roll the vehicle over.

1.3 Injury Mechanisms In Rollover Accidents

Injuries in case of rollover accidents are caused due to the high forces induced by the 

vehicle kinematics in rollover and inertia of the head and torso.  These types of injuries during a 

rollover are mainly due to bending, compression, tension, torque and shear of the upper spine at 

the head and neck region.

Injuries to head are divided into skull injuries, brain injuries and scalp injuries.  Scalp 

injuries are quite common in accidents, but they are considered to be of minor importance.  In 

general terms, it is convenient to view head injuries as comprising three distinct varieties.

Skull Fracture

Skull fracture can occur with or without damage to the brain but is itself not an important 

cause of neurological death or disability.  Skull fractures can be classified in many ways and are 

considered open fractures if the Dura is torn or closed fracture if it is not.  More conveniently 

fractures are categorized into those of the base.  Injuries to the neural substance of the brain are 

primarily cause of neurological dysfunction and can readily be divided into two categories.
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Focal Brain Injuries

Focal Brain Injuries are those in which a lesion enough to be visualized with the naked 

eye has occurred and comprised of Contusion, Subdural Hematoma, Epidural Hematoma and 

Intracerebral Hematoma.  These injuries comprise approximately 50% of all head injury patients 

admitted to the hospital and are responsible for two-thirds of head injury death.

Diffuse Brain Injuries

Diffuse brain injuries on the other hand, are associated with more widespread or global 

disruption of neurological function and are not usually associated with macroscopically visible 

brain lesion.  Rather they cause widespread disruption of either the function or structure of the 

brain.  Since diffuse brain injuries, for the most part, are not associated with visible microscopic 

lesion, they have historically been lumped together to mean all injuries not associated with focal 

lesion.

1.3.2 Neck Injury

Neck injuries from blasts are possible owing to different rates of acceleration of the head 

and of the chest under blast loading.  Physical trauma to the neck may be evaluated using the 

neck force transducers that may be incorporated into the Hybrid III dummy.  Barring local 

damage to the neck itself, the dynamic impulse in the neck must be transmitted through the 

relative motion of the head and the chest.  This transmission of force is relatively slow compared 

to the impact of the blast wave.  So, neck injuries in blast are similar in rate to impact neck 

injuries that have been studied in automobile safety and other contexts.
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1.4 Background

Generally in rollover accidents, roof intrusion as a source of injury, comes into picture 

when occupants are restrained (by seat belts).  Federal Motor Vehicle Safety Standard (FMVSS) 

no. 216, “Roof Crush Resistance”, became effective in 1973.  This standard established strength 

requirements for the roof structure over the front occupants of passenger cars with a gross 

vehicle weight rating (GVWR) of 6,000 pounds or less [1].  According to this standard vehicle 

roof is loaded quasi-statically to a certain specified level and roof crush resistance is observed.  

But being a static test, it does not involve the rollover forces and velocities that are faced during 

actual scenario.  Owing to this, NHTSA began investigating various options for upgrading 

FMVSS No. 216 standard.  Among various options, one was the full scale rollover test according 

to FMVSS N0. 208, which is a close representative of a real life scenario.  The other option is the 

vertical drop test proposed by Society of Automotive Engineers (SAE).  Studies have also been 

performed on the correlation of the quasi-static test and such dynamic tests, with the relationship 

between roof force and energy plotted against roof crush in both the tests.

The thesis is mainly an attempt to study the behavior of the roof that is reinforced with a 

high specific energy absorbing structure.  It involves reinforcing the car roof with a composite 

panel to further strengthen the roof against the impacting force, where the composite panel can 

further absorb energy along with the existing roof structure. 

1.5 Objective

Roof intrusion, as a source of injury, comes into picture when occupants are restrained by 

seat belt.  NHTSA has been investigating the possibility of upgrading FMVSS No. 216 in an 

effort to reduce the fatalities and injuries to non-ejected (restrained) occupants by roof intrusion.  
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Inverted dynamic drop test is one such standard to test a realistic response of the vehicle under 

consideration.  While quasi-static test is most desirable due to its simple test setup, dynamic drop 

test has fair repeatability but difficult test setup.  These standards also gain importance as similar 

standards have been adapted by some other countries like Australia [6]. Studies on these tests 

have already been carried out to determine the roof strength, roof crush characteristics of 

vehicles and also the correlativity between the two tests [15].

This research mainly focuses on reinforcing the roof of a car, studying the roof crush 

characteristics with the reinforcement and contrasting the results with that of a car without the 

reinforcement.  A simulation of the quasi-static test is carried out in accordance with FMVSS 

No. 216.  Also, a simulation of the inverted dynamic drop test is carried out as per SAE J996 

standards.  Important characteristics such as roof strength and energy absorption in each of the 

tests is obtained and compared to a similar study of a car without the reinforcement.
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CHAPTER 2

NHTSA STANDARD TESTING PROCEDURES

The primary function of NHTSA, established in 1970 by the Highway Safety Act, is to 

address and carry out safety programs under the National Traffic and Motor Vehicle Safety Act 

and Highway Safety Act of 1966.  This law directs the U.S. Secretary of Transportation to 

establish Federal Motor Vehicle Safety Standards (FMVSS).  All manufacturers of passenger 

cars, multipurpose passenger vehicles, trucks, trailers, buses, school buses, motorcycles and 

motor vehicle equipment must conform and certify compliance to these standards.  FMVSS, 

defined by law, is “minimum standard for motor vehicle performance, or motor vehicle 

equipment performance, which is practicable, which meets the need for motor vehicle safety and 

which provides objective test criteria.”  The law further defines motor vehicle safety to mean the 

performance of motor vehicles or items of motor vehicle equipment in such a manner “that the 

public is protected against unreasonable risk of accidents occurring as a result of the design, 

construction or performance of motor vehicles and is also protected against unreasonable risk of 

death or injury in the event of occurrence of accidents”. 

Various other organizations such as Society of Automotive Engineers (SAE), Insurance 

Institute for Highway Safety (IIHS) also work independently to help in making guidelines for 

standards and test procedures.  Following is a discussion on proposed and standard roof crush 

resistance testing procedures.
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2.1 FMVSS No. 216 Regulations

The test procedure and devices for quasi-static roof crush testing are described in FMVSS 

No. 216, Roof Crush Resistance [1, 3].  FMVSS 216, Roof Crush Resistance for passenger cars, 

establishes strength requirements for the passenger compartment roof.  The purpose of the 

standard is to reduce deaths and injuries due to the intrusion of the roof into the passenger 

compartment in rollover accidents.  The standard does not apply to the passenger cars that 

conform to the dynamic rollover test requirements of FMVSS 208 (Occupant Crash Protection, 

paragraph 5.3) by means that requires no action by passenger car occupants.  It also does not 

apply to convertibles, except for optional compliance with the standard as an alternative to the 

rollover test requirements in paragraph 5.3 of FMVSS 208.  The test device orientation is as 

shown in the following Figure 2.1.

Figure 2.1: FMVSS No. 216 Test Device Orientation (Source: www.murphyprachthauser.com).
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A test device (rigid unyielding block with its lower surface formed as a flat rectangle 30 

inches wide and 72 inches long (762 mm by 1829) shall not move more than 5 inches (127 mm), 

measured as the distance between the original location of the lower surface of the test device and 

its location as the specified force level is reached, when it is used to apply a force of 1.5 times 

the unloaded vehicle weight (UVW) or 5,000 lbs (22,240 N), whichever is less, to either side or 

forward edge of the vehicle.  Both the left and right front portions of the vehicle’s roof structure 

shall be capable of meeting the requirements, but a particular passenger car need not meet further 

requirements after being tested at one location. The passenger car’s sill or the chassis frame shall 

be placed on a rigid horizontal surface and fixed rigidly in position.  The vehicle’s windows shall 

be closed and the doors shall be locked.  Any convertible top or removal roof structure shall be 

secured in place over the passenger compartment.

The force shall be applied in a downward direction perpendicular to the lower surface of 

the test device at a rate of not more than 0.5 inches per second (13 mm per second) until reaching 

a force of 1.5 times the unloaded vehicle weight (UVW) or 5,000 pounds (22,240 N), whichever 

is less.  The test shall be completed within 120 seconds.  The test device shall be guided 

throughout the test so that it moves, without rotation, in a straight line with its lower surface 

oriented as follows and as shown in Figures 2.1 and 2.2:

Its Pitch (longitudinal axis) is at a forward angle (in side view) of 50 below the horizontal 

and is parallel to the vertical plane through the vehicles longitudinal centerline.

Its Roll (lateral axis) is at a lateral outboard angle (in front view) of 250 below the 

horizontal.

Its lower surface is tangential to the surface of the vehicle (roof structure).



13

The initial contact point, or center of the initial contact area, is on the longitudinal 

centerline of the lower surface of the test device and 10 inches (254 mm) from the 

forward most point of the centerline.

Figure 2.2: Test Device Location and Load application to the Roof (Source: www.murphyprachthauser.com)

For a vehicle to comply with this standard, the vehicle roof should withstand a load of 1.5 

times the vehicle’s unloaded weight in kilograms multiplied by 9.8 or 22,240 N, whichever is 

less, to either side of forward edge of the vehicle’s roof with no more than 127 mm of roof crush.

In an effort to reduce the fatalities and injuries to non-ejected occupants by roof intrusion, 

the NHTSA is investigating the possibility of upgrading FMVSS No. 216. The NHTSA has 

previously investigated various concepts that would improve roof intrusion resistance.  

Following is a historical perspective [11]. 

From the mid-80's to early 90's a series of tests were conducted with a rollover cart. This 

rollover cart was propelled at 30 mph and brought to a stop. As the cart was brought to a stop, 

the vehicle was propelled by pneumatic cylinders with its roll axis perpendicular to the motion of 
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the rollover device. The tests were conducted to measure the roof integrity and failure modes in a 

rollover event. This test proved to be very severe and difficult to use to discriminate between 

good and bad performing roof structures. Additionally, these rollovers were inherently non-

repeatable, leading to a dead-end in the possible development of an improved roof crush standard 

based on dynamic rollover testing.

Several studies by Wright Patterson Air Force Base (WPAFB) were also initiated to 

simulate the rollover dynamics of rollover tests and actual rollover crashes. An Articulated Total 

Body (ATB) computer model was used to simulate the roll kinematics from a real-world rollover 

crash resulting in occupant injury. The ATB model proved to be useful in re-creating the vehicle 

motion from the crash investigation information and predicting occupant ejection.

Countermeasures to roof intrusion were investigated in a series of tests with a modified 

Nissan Pick-up. The Nissan pick-up was chosen since it had the most repeatable rollover with the 

rollover cart. Countermeasures involving foam reinforcements in the joints between the roof 

header, side rails and A- and B-pillars were first investigated. Further enhancements to the roof 

structure strength were added through additional steel reinforcements. Substantial improvement 

to the roof integrity was found, however the severity of the rollover test made it difficult to 

prevent severe intrusion.

In each of these studies, the primary objectives were to investigate possible 

countermeasures to prevent severe roof crush and ways to test for roof crush strength. Each study 

involved full-scale rollover tests or real world crashes in their investigations. While these are 

good research tools, the use of a full-scale rollover test would not be repeatable enough to 

incorporate into a federal regulation to improve roof crush strength.



15

Since a full-scale rollover test has yet to be shown to be repeatable, NHTSA began investigating 

other possible test procedures for upgrading the FMVSS No. 216. One option to upgrade 

FMVSS No. 216 is to continue using a static test that is set to some dynamically equivalent 

severity. A static test is advantageous by its repeatability. Roof structure failure modes are also 

similar to rollover tests and real world collisions.

2.2 SAE J996: Inverted Drop Test

While the aforesaid quasi-static test, FMVSS No. 216 measures the strength of the roof, a 

dynamic test such as SAE J996 Inverted Drop Test measures injury to the occupants by 

ascertaining the roof crush due to the play of dynamic forces that act on the roof in a rollover.  

Inverted drop test proposed by Society of Automotive Engineers (SAE) is a promising test to 

study roof structure strength and so is being considered by NHTSA as a possible alternative test.  

Following is a list of points endorsing the Inverted Drop Test:

Inverted Drop Test includes the lateral or sliding velocity of the road as it moves beneath 

the vehicle.

It tests both sides of the roof – the current test only tests one side, with the windshield 

intact.  Yet research shows that passengers sitting in the seat below the second, or trailing 

edge, of the roll, are the ones severely injured or killed.  At the second impact, the roof, 

already weakened, crushes downwards toward the occupants’ heads.

It shows the harm after the windshield shatters in the first impact.  Although a windshield 

breaks on the first impact with the roof, it typically provides up to one third of the roof’s 

strength in the static test.
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The test shows the real dynamic of crush as a function of roof geometry (roundness, 

curvature, etc.).  Because the static test is not designed to include roof geometry, it omits 

a major factor for survivability.

It is proposed that in order to test roof crush resistance, the vehicle is inverted upside 

down at 250 roll angle and 50 pitch angle.  This orientation is exactly the same as that of the load 

plate in quasi-static test.  The suggested drop heights are 12 inches and 18 inches respectively.  

Once secured in this orientation the vehicles are released and dropped onto a concrete floor 

against gravity.

 For this particular research, the drop heights are calculated using the energy values 

corresponding to the quasi-static roof crush.

gW
EDH s

1

Where,

DH = Drop Height, (m)

  ES = Static Roof Crush Energy at particular roof crush level, (Nm)

  W = Vehicle Mass, (Kg)

    g = Acceleration due to Gravity, (m/s2)

 A typical test setup for an Inverted Drop Test is as shown in Figure 2.3.
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Figure 2.3: SAE J996 Inverted Drop Test Setup (Source: www.murphyprachthauser.com).

2.3 Previous Research 

This thesis is based on a previous research titled “Study of Static and Dynamic Roof 

Crush Resistance Tests” [15], where simulation of the two tests on vehicle models representing 

each class of vehicles like mid-size sedan, pick-up truck, compact sedan, small hatchback coupe 

and minivan have been carried out.

As per FMVSS No. 216, the rate of quasi-static load applied should not exceed 13 

mm/second.  Thus, for a load plate with a load application rate of 13 mm/second, to displace 127 

mm, an analysis termination time of about 10 seconds is required.  This translates to about 830 

hours of computational time, which is impractical given the limitation on processing and 

memory capabilities.  Also an addition of a composite material reinforcement scales up the 

computational time by a factor of 3 approximately.

According to a previous study, it was found that the force generated by vehicle roof 

corresponding to 127 mm displacement, was the same for two different rates of application of 

load and did not affect the Force Vs Roof Crush characteristics.  Hence, in this study, the vehicle 

(Ford Taurus) is loaded at a rate much more than 13 mm/second for the purpose of quasi-static 

tests.
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CHAPTER 3

ROOF STRUCTURE IMPROVEMENT

Building stronger vehicle roofs is relatively simple by auto industry standards, and the 

technology to do it has been available for decades.  Some examples are already on the road 

today:

Ford Motor Company-owned Volvo of Sweden, for example, employs a high-strength, 

boron-steel alloy to reinforce the roof structure of its Volvo XC90 SUV. The alloy is light and 

strong, but more expensive than conventional steel. But there are also inexpensive options. 

Auto industries have realized that they could greatly utilize technologies such as 

structural foam, used extensively in the production of aircraft, and high-strength steel. Foam is 

cheap and easy to work with. The material stiffens and ensures that hollow steel beams don’t

bend or lose their structural integrity. It also absorbs energy during a crash. The amount of 

material that would need to be added to the roof pillars is really a small percentage of the 

vehicle’s overall costs (Refer Appendix B). 

In addition to high-strength steel and structural foam, engineers say, automakers have 

several other options, such as: 

Roll bars integrated into a vehicle’s roof structure. In a study called “Building a Better 

SUV,” the Union of Concerned Scientists and the Center for Auto Safety estimated a roll 

cage could be incorporated into a passenger car roof structure for about $50 and would 

add 15 pounds of weight. 
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Stronger roof pillars. One way to strengthen the roof structure is to add steel tubes inside 

the A pillar, which frames the windshield. Automakers also can change the shape of roof 

pillars to add strength. 

Better roof design. The XC90 has rounded corners on its roof. That means it is less likely 

to hit the ground hard during a rollover. A vehicle with square corners, like the Hummer, 

is likely to catch the ground harder and absorb a greater impact. 

Other kinds of safety technology might emerge once the NHTSA develops a more 

sophisticated regime of testing — one that would measure how crash test dummies are injured in 

simulated rollovers. 

In an attempt to explore one such possibility of strengthening the roof structure, a 

composite material panel, often used to strengthen aerospace structures, is used in reinforcing the 

roof of a Ford Taurus car.

Passenger cars (in this case- Ford Taurus) usually have thick, sheet metal structures to 

maintain the integrity of the roof.  A typical passenger car roof structure is as shown in the 

Figure 3.1.  It consists of a “Front header”, which are sheet metal beams supporting the leading 

part of the roof and two side beams supporting the roof and connected to the main part of the 

vehicle body by pillars as shown in Figure 3.1.

Fig 3.1: Roof Structure of a Passenger Car.
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The focus of this study, a composite material panel known as a Grid Stiffened Composite 

Panel, is used as reinforcement and attached to the front header and the side rails of the car roof 

structure as shown in Figure 3.2.  The composite panel is attached to the roof structure by two-

node massless weld elements connected between a node of the composite panel and a node from 

the front and side rails of the roof.  These two-node weld elements are, in basic form, two node 

rigid elements without mass. 

Fig 3.2: Roof Structure of a Passenger Car Reinforced with a Composite Panel.
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CHAPTER 4

COMPOSITE MATERIALS

4.1 Introduction to Composite Materials

Light, strong and corrosion resistant, composite materials are being used in an increasing 

number of products as more manufacturers discover the benefits of these versatile materials.  In 

an advanced society like ours we all depend on composite materials in some aspect of our lives. 

Fiberglass, developed in the late 1940s, was the first modern composite and is still the most 

common. It makes up about 65 per cent of all the composites produced today and is used for boat 

hulls, surfboards, sporting goods, swimming pool linings, building panels and car bodies. You 

may well be using something made of fiberglass without knowing it.  Composite materials are 

formed by combining two or more materials that have quite different properties. The different 

materials work together to give the composite unique properties, but within the composite you 

can easily tell the different materials apart – they do not dissolve or blend into each other.  

Composites also exist in nature. A piece of wood is a composite, with long fibers of cellulose 

held together by a much weaker substance called lignin. Cellulose is also found in cotton and 

linen, but it is the binding power of the lignin that makes a piece of timber much stronger than a 

bundle of cotton fibers. 

Humans have been using composite materials for thousands of years. Take mud bricks 

for example. A cake of dried mud is easy to break by bending, which puts a tension force on one 

edge, but makes a good strong wall, where all the forces are compressive. A piece of straw, on 

the other hand, has a lot of strength when you try to stretch it but almost none when you crumple 

it up. But if you embed pieces of straw in a block of mud and let it dry hard, the resulting mud 



22

brick resists both squeezing and tearing and makes an excellent building material. Put more 

technically, it has both good compressive strength and good tensile strength.  Another well-

known composite is concrete. Here aggregate (small stones or gravel) is bound together by 

cement. Concrete has good strength under compression, and it can be made stronger under 

tension by adding metal rods, wires, mesh or cables to the composite (so creating reinforced 

concrete).

4.2 Composite Material composition

Most composites are made up of just two materials. One material (the matrix or binder) 

surrounds and binds together a cluster of fibers or fragments of a much stronger material (the 

reinforcement). In the case of mud bricks, the two roles are taken by the mud and the straw; in 

concrete, by the cement and the aggregate; in a piece of wood, by the cellulose and the lignin. In 

fiberglass, the reinforcement is provided by fine threads or fibers of glass, often woven into a 

sort of cloth, and the matrix is a plastic. 

The threads of glass in fiberglass are very strong under tension but they are also brittle 

and will snap if bent sharply. The matrix not only holds the fibers together, it also protects them 

from damage by sharing any stress among them. The matrix is soft enough to be shaped with 

tools, and can be softened by suitable solvents to allow repairs to be made. Any deformation of a 

sheet of fiberglass necessarily stretches some of the glass fibers, and they are able to resist this, 

so even a thin sheet is very strong. It is also quite light, which is an advantage in many 

applications.

Over recent decades many new composites have been developed, some with very 

valuable properties. By carefully choosing the reinforcement, the matrix, and the manufacturing 
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process that brings them together, we can engineer the properties to meet specific requirements. 

They can, for example, make the composite sheet very strong in one direction by aligning the 

fibers that way, but weaker in another direction where strength is not so important. They can also 

select properties such as resistance to heat, chemicals, and weathering by choosing an 

appropriate matrix material. 

4.3 Matrix Materials

For the matrix, many modern composites use thermosetting or thermo softening plastics 

(also called resins). The plastics are polymers that hold the reinforcement together and help to 

determine the physical properties of the end product. 

Thermosetting plastics are liquid when prepared but harden and become rigid (i.e., they cure) 

when they are heated. The setting process is irreversible, so that these materials do not become 

soft under high temperatures. These plastics also resist wear and attack by chemicals making 

them very durable, even when exposed to extreme environments. 

Thermo softening plastics, as the name implies, are hard at low temperatures but soften when 

they are heated. Although they are less commonly used than thermosetting plastics they do have 

some advantages, such as greater fracture toughness, long shelf life of the raw material, capacity 

for recycling and a cleaner, safer workplace because organic solvents are not needed for the 

hardening process. 

Ceramics, carbon and metals are used as the matrix for some highly specialized purposes. 

For example, ceramics are used when the material is going to be exposed to high temperatures 

(e.g., heat exchangers) and carbon is used for products that are exposed to friction and wear (e.g., 

bearings and gears). 
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4.4 Fiber Reinforcement Materials

Although glass fibers are by far the most common reinforcement, many advanced 

composites now use fine fibers of pure carbon. Carbon fibers are much stronger than glass fibers, 

but are also more expensive to produce. Carbon fiber composites are light as well as strong. They 

are used in aircraft structures and in sporting goods (such as golf clubs), and increasingly are 

used instead of metals to repair or replace damaged bones. Threads of Boron are even stronger 

(also more expensive) than Carbon fibers.

 Polymers are not only used for the matrix, they also make a good reinforcement material in 

composites. For example, Kevlar is a polymer fiber that is immensely strong and adds toughness 

to a composite. It is used as the reinforcement in composite products that require lightweight and 

reliable construction (e.g., structural body parts of an aircraft). Composite materials were not the 

original use for Kevlar – it was developed to replace steel in radial tyres and is now used in 

bulletproof vests and helmets. 

4.5 Composites Manufacturing Process

Making an object from a composite material usually involves some form of mould. The 

reinforcing material is first placed in the mould and then semi-liquid matrix material is sprayed 

or pumped in to form the object. Pressure may be applied to force out any air bubbles, and the 

mould is then heated to make the matrix solid (also called “Setting”). 

The moulding process is often done by hand, but automatic processing by machines is becoming 

more common. One of the new methods is called “Pultrusion” (a term derived from the words 

'pull' and 'extrusion'). A pictorial representation of a typical Pultrusion process is as shown in 
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Figure 4.1. This process is ideal for manufacturing products that are straight and have a constant 

cross section, such as bridge beams. 

Fig 4.1: Schematic diagram of a Pultrusion Process (source: www.alma.nrao.edu).

In many thin structures with complex shapes, such as curved panels, the composite 

structure is built up by applying sheets of woven fiber reinforcement, saturated with the plastic 

matrix material, over an appropriately shaped base mould. When the panel has been built to an 

appropriate thickness, the matrix material is then cured. 

In many advanced composites (such as those used in the wing and body panels of 

aircraft), the structure may consist of a honeycomb of plastic sandwiched between two skins of 

carbon-fiber reinforced composite material. Such sandwich composites combine high strength, 

and particularly bending stiffness, with low weight. 
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4.6 Advantages of Composite Materials

The greatest advantage of composite materials is strength and stiffness combined with 

lightness. By choosing an appropriate combination of reinforcement and matrix material, 

manufacturers can produce properties that exactly fit the requirements for a particular structure 

for a particular purpose.

Modern aviation, both military and civil, is a prime example. It would be much less 

efficient without composites. In fact, the demands made by that industry for materials that are 

both light and strong has been the main force driving the development of composites. It is 

common now to find wing and tail sections, propellers and rotor blades made from advanced 

composites, along with much of the internal structure and fittings. The airframes of some smaller 

aircraft are made entirely from composites, as are the wing, tail and body panels of large 

commercial aircraft. 

Mentioning about planes, it is worth remembering that composites are less likely to break 

up completely under stress than metals (such as aluminum). A small crack in a piece of metal can 

spread very rapidly with very serious consequences (especially in the case of aircraft). The fibers 

in composite materials act as a block for any small cracks present and to share the stress around. 

The right composites also stand up well to heat and corrosion. This makes them ideal for use in 

products that are exposed to extreme environments such as boats, chemical-handling equipment 

and spacecraft. In general, composite materials are very durable.  Another advantage of 

composite materials is that they provide design flexibility. Composites can be moulded into 

complex shapes like a surfboard or a boat hull. 

The downside of composites is usually the cost. Although manufacturing processes are 

often more efficient when composites are used, the raw materials are expensive. 
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4.7 Advanced Grid Stiffened Structures (AGS)

Advanced Grid Stiffened (AGS) structure, a rib-skin configuration structure is an 

evolution of early aluminum isogrid stiffening concepts. These structures have widely been 

developed and used for aerospace and civil infrastructure applications in recent years due to their 

high impact and fatigue resistance, high strength and Stiffness to weight ratios and damage 

tolerance. The other important characteristic of these structures are high Specific Energy 

Absorption (SEA).  Energy absorbing materials are of great interest in the design of 

transportation vehicles, where passenger safety depends heavily upon the absorption of crash 

energy by the vehicle structure.  For example, grid stiffened composite structures could be used 

in door and floor panels of transportation vehicles, where energy absorption under transverse 

impact would be important.  Unlike traditional materials, most composite materials absorb 

energy through a complex combination of fracture mechanisms including matrix cracking, 

delamination, fiber micro buckling and fiber breakage.

These composite structures or panels are made up of two main components, Stiffeners 

and the Skin. A simple grid stiffened composite panel is as shown in Figure 4.2.

Fig 4.2: Grid Stiffened Composite Panel (Ortho Grid Configuration) 
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Stiffeners are comprised of a pattern of longitudinal, transverse (or cross) and angled ribs 

depending upon the requirements of the panel.  These patterns of ribs are attached flush to a thin, 

flat composite panel known as the Skin.  Some of the commonly used grid stiffened composite 

panels are:

Angle Grid panel

Bi-Grid panel

Iso-Grid panel

Ortho Grid panel

The above mentioned grid stiffened panels are as shown in Figure 4.3.

Angle Grid Panel                                                           Bi-Grid Panel

                   Iso-Grid Panel                                                             Ortho Grid Panel    

Fig 4.3:  Types of Grid Stiffened Composite Panels (source: www.hypersizer.com).
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Some of the other possible configurations of Grid Stiffened Composite Panels include:

Configuration Based on the cross section of Ribs or Stiffeners as shown in

Figure 4.4.

Fig 4.4: Panel configurations based on Stiffener cross section (source:www.hypersizer.com).

Configuration Based on the number of layers of Ribs and Skin used. 

E.g. three layer – Rib-Skin-Rib panel, if the skin is embedded between two layers of Rib 

patterns.  Three layer – Skin-Rib-Skin panel, if a layer of rib pattern is included between 

two skin panels.

4.8 Other Important Parameters

The other important parameters that determine the type of Grid stiffened composite panel are:

Rib Width: The dimension of the Stiffener measured across the Rib as shown in Figure 

4.5.

Rib Height:  The dimension of the Stiffener measure from the interface with the skin to 

the tip of the stiffener. Refer Figure 4.6.

Center to Center (CTC) distance or Rib Spacing: Distance from one rib to the other 

measured perpendicular to each of the rib faces. Refer Figure 4.7.
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Fig 4.5: Width of the ribs in the Stiffened Composite panel

Fig 4.6: Height of the rib as measured from the Skin to the tip.

Fig 4.7: Center to Center Distance (CTC) (source:www.hypersizer.com).
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4.9 Advantages of Grid Stiffened Composite Panels

Some of the advantages of grid stiffened composite panels which make these panels an 

excellent choice for reinforcement include:

Stiffened Panels are characteristically Light weight with high Strength, high Stiffness 

and high Flexural Rigidity.

These panels have high corrosion resistance and damage tolerance.

High Specific Energy Absorption (SEA) under impact loading.

Open and repeated structures and therefore are easy to repair, inspect and are not 

susceptible to moisture incursion.

Apart from the superior mechanical properties that make these panels an excellent choice 

for reinforcement, reinforcement characteristics depend on the appropriate design of these panels 

according to applications they are used in.  A brief procedure of designing the composite panel 

for passenger car roof reinforcement is explained in chapter 5.
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CHAPTER 5

DESIGN OF THE COMPOSITE REINFORCEMENT PANEL

The Grid Stiffened composite panel used in the reinforcement of the roof structure is an 

Iso-Grid composite panel and is modeled in a CAD software tool called ProEngineer.  The 

dimensions of the panel are 1422 mm long, 930 mm wide (i.e. 56 inches long and 36.6 inches 

wide), Ribs being 6mm high and 6 mm wide along the length and width of the composite panel.  

Included angle between the Ribs are 600 to each other and form a pattern of equilateral triangles.

5.1 Modeling a Grid Stiffened Composite panel in ProEngineer

ProEngineer, a modeling tool provides superior flexibility in designing and modeling 

such composite panels.  A brief procedure for designing the composite panel is as described 

below.

Fig 5.1:  ProEngineer screen shot for modeling a pattern
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1. Firstly a datum curve is drawn and is used to sweep the cross section of a rib as a surface 

at an angle of 300 to a datum plane using the “Sweep” feature in ProE.  This swept 

feature is then patterned on either side of this datum plane, making use of “Pattern” 

feature.

2. Similarly another rib at an included angle of 600 to the already created rib is swept and 

patterned as described in step #1.

A completed “Stiffener” feature of the composite panel looks like as shown in the Figure 5.2.

Fig 5.2:  Screen shot of a completely modeled “Stiffener” feature.

3. A surface representation of the “Skin” is then made using the “Protrusion” feature of 

ProE, flush with the edges of the Rib pattern.  A complete model (slightly oversized) of 

the grid stiffened composite panel looks like in the Figure 5.3.
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Fig 5.3: Screen shot of a surface model of a Grid Stiffened Composite Panel.

This surface model is then exported as an IGES (Initial Graphics Exchange 

Specification), a neutral format file to MSC.Patran, which is a pre-processing, and post-

processing tool for CAE simulation.

5.2 Pre-processing

This IGES format file is imported into MSC.Patran as a database file (*.db).  This 

representation of the composite panel is then validated for any Free Faces or Free Edges like 

small holes and cracks (representation errors while importing the file) using the “Verify” option.  

This model of the composite panel is split into two different groups each containing either of the 

two components namely, Stiffeners and Skin.  This is done to easily obtain a consistent meshing 
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of the two components.  Each component is then meshed using the automatic mesher option of 

Patran.

 The following gives a brief description of how the panel is meshed:

1. The Ribs are surface meshed with “IsoMesh” mesher option and “Tria3” mesh topology.

2. The Skin is surface meshed with “IsoMesh” mesher option and “Quad8” mesh topology.  

In the above process of meshing, duplicate nodes (nodes of ribs coincident with nodes of 

skin).

3. In order to eliminate any duplicate nodes at the interface of ribs and skin, 

“Equivalencing” option is used with “Tolerance Cube” method and 0.005 mm 

equivalence tolerance.

4. An optimized mesh is obtained using “Optimize” option for the nodes and with “Cuthill-

McKee” method.

5. Homogeneous 2D shell elements are used to represent the meshed composite panel.

6. The complete FEA representation of the composite panel is done by generating a key file 

(*.key).  The complete FEA representation of the composite panels is as shown in the 

following screen shot. (Refer Figure 5.4)
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Fig 5.4: Screen shot of FEA representation of the composite panel.

The key file generated is imported into another preprocessing tool, EASi Crash Dyna 

(ECD) for specific automotive and other crash applications.   A detailed procedure of importing 

an FEA model of a car (Ford Taurus) and positioning the generated mesh representation of the 

panel is explained in the subsequent chapters.
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CHAPTER 6

Finite Element Modeling and Analysis 

Crashworthiness simulation is less expensive and can yield more information than 

experimental techniques.  Using FEM software for crash simulations is a usual practice today 

and has become an integral part of design and development Process.  Crash and occupant safety 

analysis software must be able to handle large deformations, sophisticated material models (for 

steel and aluminum, rubbers, structural foams, plastics and most importantly composite 

materials), complex contact conditions among multiple components, and short-duration impact 

dynamics.  LS-Dyna is a state-of-the-art simulation tool that addresses all these complex 

requirements, and its predictions have been validated by test results in many applications.

6.1 Finite Element Description of Ford Taurus

The vehicle FE model used for the simulation is based on a 1993 Ford Taurus validated 

for frontal car impact.  It is obtained from the public domain and was developed by EASi 

Engineering for the NHTSA.  Figure 6.1 shows the vehicle model of the Ford Taurus.  The 

vehicle model is subdivided into 123 parts.  Each part represents a component in the vehicle.  

Out of the 123 parts, 104 parts are used with shell elements to model the sheet metal 

components, 18 parts are assigned beam elements to represent the steel bars in the vehicle along 

with some of the connections between the sheet metal components, and one part is used with 

brick elements to model the radiator.
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Figure 6.1: Finite Element Model of a Ford Taurus car.

The two types of shell elements used in the model are quadrilateral and triangular.  The 

formulation for both shell types is based on the Belytchko-Tsay Shell theory which is the default 

shell formulation in LS-Dyna.

The material model assigned to these shell elements is a general isotropic elastic-plastic 

material (material type 24 in LS-Dyna).  The Stress-Strain relation for the isotropic elastic-plastic 

material is defined with eight stress versus strain points.  The beam elements in the vehicle 

model are based on Hughes-Liu beam formulation and use the isotropic elastic material model.  

The solid elements, are assigned material type 26, metallic honeycomb, and use the constant 

stress solid element formulation.  The FE vehicle model components are connected to each other 

using the spot weld and rigid body constraint options in LS-Dyna.  A total of 142 spot welds and 

178 rigid body constraints are used in the model.  The contact and friction between the 

components are modeled with one single surface sliding interface type 13; also known as 

automatic contact for beam, shell and solid elements with arbitrary segment orientation.  A 

summary of the FE vehicle model is listed in Table 6.1
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Number of Parts 123

Number of Nodes 26729

Number of Shell Elements 27873

Number of Solid Elements 340

Number of Beam Elements 140

Table 6.1: Finite Element Model Summary of Ford Taurus

6.2 Finite Element Description of the Load Plate

FMVSS No. 216 specifies the requirement for rigid unyielding steel plate that is used for 

application of quasi-static load.  The dimensions of the plate are specified as discussed in 

previous section.  Normally about 1 inch (25.4 mm) thick plate is used.  Generally the load plate 

is made of ASTM-836 steel.

Figure 6.2: Finite Element Model of a Load Plate.
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Finite Element model of the loading device was modeled using MSC.Patran and LS-

Dyna input file was written (refer Figure 6.2).  The FE model consists of total 100 solid 

elements.  These solid elements use the Belytschko-Tsay shell theory.

As the plate is assumed to be unyielding in test conditions, rigid material model (Type 20 

in LS-Dyna) is used.  This FE model was later merged into the FE vehicle model for the purpose 

of static test setup.  Table 6.2 summarizes the FE model.

Number of Parts 1

Number of Nodes 440

Number of Solid Elements 100

Table 6.2: Finite Element Model Summary of Load Plate

6.3 Finite Element description of the Composite Panel

The Iso-Grid Stiffened Composite Panel, used in the reinforcement of the roof structure 

of the Ford Taurus, is made of Vetrotex Twintex® E-glass/Polypropylene (PP), which consists of 

co-mingled E-glass reinforcing fibers and polypropylene matrix.  The ribs in the Grids were 

made of Unidirectional E-glass/PP roving and the skins were made of woven Twintex® E-

glass/PP.  E-glass fibers in unidirectional E-glass/PP roving are oriented at an angle of 300 in 

material co-ordinate system. The Fiber Volume fraction is 0.45.   The composite panel is slightly 

oversized and trimmed after attaching it to the side rails and the front header.  Two node weld 

elements are used to attach the panel to the side rails and front header.  The trimmed FE model of 

the reinforcing composite panel is as shown in figure 6.3.



41

Figure 6.3: Energy Absorbing Composite Panel Reinforcement.

Material properties used in the study are as shown in table 6.3.

Material Properties

Material

E1
(GPa)

E1
(GPa)

E1
(GPa)

E1
(GPa)

E1
(GPa)

E1
(GPa) 12 13 23 Kg/m3

Unidirectional
Twintex®

E-glass/PP
33.4 4.5 4.5 1.49 1.49 1.86 0.3 0.3 0.21 1600

Woven
Twintex®

E-glass/PP 13.79 12.79 1.72 1.79 1.66 0.1 1890

Intrinsic Strength Properties
Longitudinal Direction Transverse Direction

Tensile(MPa) Comp(MPa) Tensile(MPa) Comp(MPa)
Shear
(MPa)

Unidirectional
Twintex®

E-glass/PP
465 320 41 250

Woven
Twintex®

E-glass/PP 287 144.5 287 144.5 18.83

Table 6.3: Material Properties of the composite panel [Source- http://www.twintex.com]
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6.3.1 Assumption in Finite Element Analysis of the composite panel

    Some of the assumptions in the finite element analysis of the composite panel are:

1. Perfect bonding between the fibers and the matrix exists

2. The fibers are parallel and uniformly distributed throughout.

3. The matrix is free of voids or micro cracks and initially in a stress-free state.

4. Both fibers and matrix are isotropic and obey Hooke’s law.

6.4 Finite Element description of the Test Setup

A brief description of the quasi-static test setup (FMVSS No. 216) and inverted drop test 

setup (SAE J996) in the finite element environment is given below.

6.4.1 Quasi-static Test (FMVSS No. 216)

Ford Taurus FE model is used as it has less number of elements as compared to other FE 

models and hence is used to perform full 425 mm quasi-static roof crush test.  The test setup is as 

shown in Figure 6.4 and Figure 6.5.  According to FMVSS No.216 requirement the plate 

orientation is 250 roll and 50 pitch angle.  It was difficult to give displacement to the load plate in 

that configuration as it required a complex vector to be defined.  Since in static test, weight of the 

load plate is not involved, perpendicular orientation to a global axis is maintained and in its stead 

the car is oriented with respect to the global axes effectively conforming to the orientation 

requirements of the quasi static test (FMVSS No.216).
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Figure 6.4: Front view of the quasi-static Test Setup.

Figure 6.5: Left side view of the Test Setup.

Displacement to the load plate is given using the Dyna card

“*BOUNDARY_PRESCRIBED_MOTION_RIGID”.   According to the test requirements, it is 

necessary to have a fixed contact between the base plate and the car chassis.  In conformance to 

the above requirement, the chassis of the car is fixed in that position by constraining the 

translation and rotation of the chassis nodes in global coordinate system.  The contact between 

the load plate and the roof structure, when the load plate exerts a force, is described using the 
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card “*CONTACT_AUTOMATIC_SURFACE_TO_SURFACE” and values of 0.3 and 0.21 for 

static and dynamic co-efficient respectively. 

In compliance to the quasi-static testing standard, the Static Force Vs Roof Crush plot is 

plotted and used as main criteria for vehicle roof crush resistance compliance.  The force is 

calculated using “*DATABASE_NODFOR” card, which gives total and individual force on each 

node.  All the nodes on roof structure are selected and total force against nodal displacement is 

plotted using ASCII in LSPOST.

6.4.2 Inverted Drop Test (SAE J996)

Inverted Drop Test (SAE J996) is setup using the data obtained from quasi-static test.  

The vehicle is hung upside down with and orientation of 250 roll and 50 pitch angles as shown in 

Figure 6.6 and figure 6.7.

Figure 6.6: Front view of Inverted Drop Test setup.
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Figure 6.7: Left side view of Inverted Drop Test Setup

Drop height (Free Fall height) against gravity onto the concrete floor is calculated using 

the relationship stated in section 2.2.

According to the test procedure, vehicle has to fall freely against gravity onto the flat 

concrete floor.  Hence, gravitational acceleration is given to the car body using 

“*LOAD_BODY_Z” card in LS-Dyna input deck.

 “*CONTACT_AUTOMATIC_SURFACE_TO_SURFACE” card is used to define contact 

between the car and the contact floor (rigid base).

Force absorbed by the roof is calculated using the same cards as used for quasi-static 

testing.

6.4.3 Test Result comparison

The main focus of this thesis is to study the Force and Energy responses with respect to 

roof crush.  Presented below is a discussion contrasting Force and Energy characteristics of a 

roof structure reinforced with the composite panel and the one without the reinforcement in 
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response to crushing of the roof.  The characteristics are also compared with a similar 

experimental study by the NHTSA. 

6.4.3.1 Comparison of Quasi-Static Test Results (FMVSS No. 216)

Shown below are Force and Energy characteristics of an unmodified Ford Taurus Roof 

structure (Refer Figure 6.8 and 6.9), Experimental characteristics of an unmodified Ford Taurus 

Roof structure (Refer Figure 6.10 and 6.11) and a Ford Taurus Roof structure with composite 

material reinforcement as shown in Figure 6.12 and 6.13.

Quasi-static Force Vs Roof Crush
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Figure 6.8: Simulated Quasi-Static Force Vs Crush of an unmodified Ford Taurus Roof.
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Quasi-Static Energy Vs Roof Crush
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Figure 6.9: Simulated (Quasi-Static) Energy Vs Crush of an unmodified Ford Taurus roof.

Figure 6.10: Experimental Quasi-Static Force Vs Crush of an unmodified Ford Taurus Roof.
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Figure 6.11: Experimental (Quasi-Static) Energy Vs Crush of an Unmodified Ford Taurus Roof.

Quasi-Static Force Vs Roof Crush
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Figure 6.12: Simulated Quasi-Static Force Vs Crush of a Reinforced Ford Taurus roof.
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Quasi-Static Energy Vs Roof Crush
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Figure 6.13: Simulated (Quasi-Static) Energy Vs Crush of a Reinforced Ford Taurus roof.

Following are some of the observations that can be made from the above set of graphs (Table 

6.4).

Peak Force, N Energy, Nm @ 226 mm

(unmodified) Simulated 
Roof Structure

57,290 N  @  224 mm 5170 Nm

(unmodified)
Experimental Roof 

Structure

30,000 N @ 104 mm 5000Nm

Reinforced composite 
panel

24,616 N @ 130 mm 9000 Nm

Table 6.4: Comparison of the Peak Forces and the Energy absorbed.

It can be noticed from the above graphs (refer Figure 6.12) that the force almost increases 

linearly with the increase in displacement until the pillars (A and B) collapse completely.  At this 

point the force remains steady with an increase in displacement of the load plate.  The force 

thereon increases steadily until a point where the roof structure fails and makes contact with the 

dashboard of the car.  It can be deduced from the above table that Peak Forces in the Reinforced 
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Composite material panel is 57% lesser than (unmodified) simulated roof structure test results 

and 17% lesser than (unmodified) Experimental roof structure test result.

It can also be noted that the energy absorbed by the Reinforced Composite panel is 74%

more than (unmodified) simulated roof structure test results and 80% more than (unmodified) 

Experimental roof structure test result.

6.4.3.2 Comparison of Inverted Drop Test Results (SAE J996)

Shown below are Dynamic Force and Energy characteristics of an unmodified Ford 

Taurus Roof structure (Refer Figure 6.14 and 6.15), Experimental characteristics of an 

unmodified Ford Taurus Roof structure (Refer Figure 6.16 and 6.17) and a Ford Taurus Roof 

structure with composite material reinforcement as shown in Figure 6.18 and 6.19.

Dynamic Force Vs Roof Crush
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Figure 6.14: Simulated Dynamic Force Vs Crush of an unmodified Ford Taurus Roof
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Dynamic Energy Vs Roof Crush
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Figure 6.15: Simulated (Dynamic) Energy Vs Crush of an unmodified Ford Taurus Roof

Figure 6.16: Experimental Dynamic Force Vs Crush of an unmodified Ford Taurus Roof
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Figure 6.17: Experimental (Dynamic) Energy Vs Crush of an unmodified Ford Taurus Roof

[Source:  http://www-nrd.nhtsa.dot.gov/vrtc/cw/roofcrsh.pdf]
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Figure 6.18: Simulated Dynamic Force Vs Crush of a Reinforced Ford Taurus Roof
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Dynamic Energy Vs Roof Crush
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Figure 6.19: Simulated (Dynamic) Energy Vs Crush of a Reinforced Ford Taurus Roof

Following are some of the observations that can be made from the above set of graphs (Table 

6.5).

Peak Force, N Energy, Nm @ 193 mm

(unmodified) Simulated 
Roof Structure

100,023 N  @ 125 mm 6690Nm

(unmodified)
Experimental Roof 

Structure

55,000 N @ 185 mm 7600 Nm

Reinforced composite 
panel

48,277 N @ 92.5 mm 9800 Nm

Table 6.5: Comparison of the Peak Forces and Dynamic Energy Absorbed.

It can be observed from the above table that Peak Force values in the Dynamic Drop Test 

are higher than in the case of Quasi-Static Test.  This could be due to the dynamic effects and 

significant vehicle weight that comes into picture under the drop test condition.  Also to be 
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noticed is that the Peak Force in Reinforced Composite material panel test result is 51.73%

lesser than (unmodified) simulated roof structure test results and 12.22% lesser than 

(unmodified) Experimental roof structure test result.

It can also be noted that the energy absorbed by the Reinforced Composite panel is 

46.47% more than (unmodified) simulated roof structure test results and 28.95% more than 

(unmodified) Experimental roof structure test result.
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CHAPTER 7

CONCLUSION AND RECOMMENDATIONS

Rollover accidents being more severe than frontal or side crash accidents and the 

fatalities involved in these accidents accounts to more than 10,000 deaths in the United States in 

a given year.  This study is an effort towards reducing the severity in such accidents by 

reinforcing the roof with a composite panel that has high specific energy absorption and without 

drastic collapse or failure.

7.1 Conclusion

It can be deduced from the study that the composite panel reinforcement reduces the peak 

forces on the roof to an extent of 57% over that without the reinforcement and increases the 

energy absorption to an extent of 80% over that without the reinforcement in Quasi-Static Test 

(FMVSS No. 216).  The composite panel also reduces the peak forces in case of Inverted Drop 

Test by nearly 52% and increases the energy absorption by 47% over that without the 

reinforcement (SAE J996).

It can be deduced from the above results and discussion that Grid Stiffened Composite 

panels are an excellent choice for reinforcement involving impact situations.  These panels can 

be used in stiffening the floor of automobiles, used as reinforcement in doors to resist cabin 

intrusion in side impact events, and more importantly in roof reinforcement where the strength of 

the roof is very critical in preventing cabin intrusion in the event of a rollover.
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7.2 Recommendations

It can be noticed that in the above study, structure of the roof is stronger laterally but is 

comparatively weaker in the direction normal to the roof.  A better structural design for a roof 

structure would be the composite reinforcement of the pillars (A, B and C pillars), thus making it 

stronger in the direction normal to the roof in conjunction with a grid stiffened composite 

structure providing for the lateral strength.

Some of the other recommendations for a better roof structure design would be:

Using structural foam as filler material in the front header, side rails and in between ribs 

of the Grid Stiffened Composite panel.  These structural foams have excellent energy 

absorbing capabilities, which add to the strength and energy absorbing capability of the 

composite panel.

Reinforcing the A, B and C pillars of the car with a composite material I-beam which has 

a very high stiffness.

Optimizing the design parameters of the Composite panel to make it stronger, stiffer, 

lighter and more energy absorbent.
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APPENDIX A

LS-DYNA is a general purpose, explicit finite element program used to analyze the 

nonlinear dynamic response of three-dimensional structures. Its comprehensive selection of 

material models and element formulations have helped users worldwide in simulating complex 

problems in a less expensive way and has yielded better information than experimental 

techniques. Solutions to problems like complex automotive safety, metal forming, structural, and 

failure analysis problems are easily obtained by using this analysis tool.  Some of the advance 

features such as fully automated contact handling and error checking, thermal modeling, adaptive 

meshing, coupled structure-fluid modeling, airbag inflator models etc, can be made use of in 

simulating complex problems to close reality. 

Input to LS Dyna is in the form of a set of keywords.  This keyword input provides a flexible 

and logically organized database. Similar functions are grouped together under the same 

keyword. For example, under the keyword, *ELEMENT, are included solid, beam, and shell 

elements. The keywords can be entered in an arbitrary order in the input file.   However for 

clarity, usually, the following keyword structure is used:

1. definition of solution control and output parameters 

2. definition of model geometry and material parameters 

3. definition of  boundary conditions 

Following is a brief description of concepts and cards that are used in LS Dyna simulation:

1. *KEYWORD - This denotes the start of the keyfile.

2. *NODE – To define the nodes in 3D space using Cartesian coordinate system. 
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3. *CONTROL_TERMINATION – This card is used to assign the termination time of the 

LS-Dyna analysis.

*CONTROL_TERMINATION

$# ENDTIM   ENDCYC   DTMIN   ENDENG   ENDMAS

      0.1       0.     0.       0.       0.

            Termination time of the analysis is denoted by ENDTIM (here 0.1)

4. *DATABASE_BINARY_D3PLOT – This card denotes time interval between outputs.  

Increasing the time interval helps to increase the refinement of the calculation.

*DATABASE_BINARY_D3PLOT

$#   DT         LCDT    NOBEAM     NPLTC

     0.042         0         0         0

The time interval between outputs is denoted by DT (here 0.042)

5. *DATABASE_EXTENT_BINARY – LS Dyna outputs are written in the binary state file 

format.  This card is used to specify which output needs to be calculated.

*DATABASE_EXTENT_BINARY

$#   NEIPH     NEIPS    MAXINT    STRFLG    SIGFLG    EPSFLG    RLTFLG    

         0         0         0         0         2         0         0         

$#  CMPFLG    IEVERP    BEAMIP     DCOMP      SHGE     STSSZ    N3THDT

         0         0         0         0         0         0         0

Calculation of Stresses and Strains, if not required, can be switched off by altering the 

default arguments of SIGFLG and STRFLG.
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6. *DATABASE_NODOUT – This card is specified to extract Nodal Displacement for a set 

of predefined nodes.

*DATABASE_NODOUT

$#   DT   

     0.042

DT represents the number of data points that has to be calculated for each node specified in 

the set, through the duration of the analysis.  It is calculated by dividing the value of 

ENDTIM (Refer *CONTROL_TERMINATION) by the required number of data points.

7. *DATABASE_NODFOR – This card is specified to extract Nodal Forces for a set of 

predefined nodes.

*DATABASE_NODFOR

$#   DT   

     0.042

DT represents the number of data points that has to be calculated for each node specified 

in the set, through the duration of the analysis.  It is calculated by dividing the value of 

ENDTIM (Refer *CONTROL_TERMINATION) by the required number of data points.

8. *DEFINE_CURVE – This key word is used to define the relation between two quantities 

such as Time, Velocity, Acceleration, Displacement etc,.  Usually, the quantity on 

Abscissa is denoted by A1 and the Ordinate value is denoted by O1.  For Example Load 

(ordinate) Vs Time (Abscissa).
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*DEFINE_CURVE

$#    LCID      SIDR      SCLA      SCLO      OFFA      OFFO    DATTYP

       111         0        1.        1.        0.        0.         0

$#                A1                  O1

                  0.                  0.

                 0.5               -300.

Here, SCLA and SCLO denote the scale factor for Abscissa and Ordinate values 

respectively.

9. *PART – This card is used for specifying separate parts in FE model.  Here, the heading 

of the part is “Rib_properties”.  PID identifies the part from the other parts.  MID assigns 

the material to the part that is represented by the value of MID.

*PART

$#                                                               HEADING

Rib_properties                                                          

$#     PID     SECID       MID     EOSID      HGID      GRAV    ADPOPT      

TMID

       135       135       137         0         0         0         0         

0

10. *MAT_PIECEWISE_LINEAR_PLASTICITY - This is an elasto-plastic material 

model with an arbitrary stress strain curve and arbitrary strain rate dependency can be 

defined.  Also, failure based on a plastic strain, or minimum time step can be specified. 

[14, 15]
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This modeling technique basically represents a continuous stress-strain curve of the 

material by two straight lines.  The elastic portion of the curve is represented bye the 

slope of the first straight line and the plastic region by the slope of the second straight 

line.

$** MATERIAL:   1         

*MAT_PIECEWISE_LINEAR_PLASTICITY

$#     MID        RO         E        PR      SIGY      ETAN      FAIL      

TDEL

         1  7.85E-09   200000.       0.3      215.        0.     5E+08        

0.

$#       C         P      LCSS      LCSR

        0.        0.        5.        0.

Here RO denoted the density of the material, E as the Young’s modulus, and PR as the 

Poisson’s ratio.

11. *MAT_HONEYCOMB - This material model is used in those parts which have a 

structure similar to a honey comb.  For example a radiator part of a car.

$** MATERIAL:   123       

*MAT_HONEYCOMB

$#     MID        RO         E        PR      SIGY        VF        MU      

BULK

         1231.475E-10    2070.        0.      140.       0.2        0.               

0.

$#     LCA       LCB       LCC       LCS      LCAB      LCBC      LCCA      

LCSR

         3.        3.        3.        3.        0.        0.       0.            

0.

$#    EAAU      EBBU      ECCU      GABU      GBCU      GCAU      AOPT

      20.7      20.7      20.7      2.1       2.1        2.1         0.
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Here, EAAU, EBBU and ECCU represent young’s modulus in the three different directions.

12.  *MAT_ENHANCED_COMPOSITE_DAMAGE – These material model are the 

enhanced version of the composite material models.  For example, unidirectional 

composite materials in matrix medium.  These have optional failure models namely

Chang and Chang, Tsai Wu etc. Here EA, EB and EC are young’s modulus in 

longitudinal, transverse and normal direction.   Similarly PRBA, PRCA, PRCB are the 

poisson’s ratio and GAB, GBC and GCA are the Shear modulus in those directions.  Axis 

option is represented by AOPT where value 0 &1 represent the element local axis for the 

fibers, 3 represents global axis for the fibers.

*MAT_ENHANCED_COMPOSITE_DAMAGE

$#     MID        RO        EA        EB        EC      PRBA      PRCA      

PRCB

       135    1.6E-06      33.4      4.5       4.5        0.         0.         

0.21

$#     GAB       GBC       GCA        KF      AOPT

      1.49      1.49      1.86         0.        0.

13. *LOAD_BODY_Option – This card is used where a body needs to be loaded in either of 

the directions.  It can also be used with complex vector definitions for directions other 

than the three global axes.  Here SR represents the scale factor of the curve represented 

by LCID and is loaded in the Z direction.

*LOAD_BODY_Z

$#    LCID        SF    LCIDDR        XC        YC        ZC

       112      9810.        0        0.        0.         0.



67

14. *BOUNDARY_SPC_Option – This card is used to define Single Point Nodal 

Constraints.  Options include SET or NODE where cluster of nodes has to be represented

by a SET whereas a single node is represented by NODE option.

*BOUNDARY_SPC_SET

$#    NSID       CID      DOFX      DOFY      DOFZ     DOFRX     DOFRY     

DOFRZ

       199         0         1         1         1         1         1         

1

*CONSTRAINED_NODE_SET

       132         1        0.

       131         5        0.

       130         5        0.

       129         6        0.

Here, DOFX, DOFY, DOFZ represents the Degree of Freedom constrained in that 

particular direction and DOFRX, DOFRY and DOFRZ represents the Degree of Rotational 

Freedom in that direction.  All the aforesaid parameters take the value of either 1 or a 0 

where 1 denotes that the degree of freedom is constrained for that particular direction.

15. *BOUNDARY_PRESCRIBED_MOTION_Option – This card is to prescribe a motion 

for a particular part.  The options include NODE, SET, RIGID, RIGID_LOCAL.  In the 

case presented below, a motion is prescribed to a RIGID body.  Here, VAD represents the 

type of motion induced such as Velocity, Acceleration or Displacement.  Other complex 

definitions of motion can be described using the LCID option (Refer 

*DEFINE_CURVE).

*BOUNDARY_PRESCRIBED_MOTION_RIGID

$#     PID       DOF       VAD      LCID        SF       VID     DEATH     

BIRTH

       137         3         2      111          1.        0        0.              

0.
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16.  * CONTACT_AUTOMATIC_SURFACE _TO_SURFACE – This card is used to define 

contact between two or more bodies.  There are various types of contact methods that can 

be defined depending on the application and nature of contact.  Both static and dynamic 

co-efficient of friction can be defined and also damping factor can be defined to reduce 

contact instability.  Generally a body that deforms more is assumed to be a slave in the 

contact definition.

SSID and MSID are Slave set and Master set IDs respectively.  FS and FD are 

coefficients of Static and Dynamic Friction respectively.

*CONTACT_AUTOMATIC_SURFACE_TO_SURFACE

$#    SSID      MSID     SSTYP     MSTYP    SBOXID    MBOXID       SPR       MPR

          203          204               1                2                 0                 0              0             0

$#      FS        FD        DC        VC       VDC    PENCHK        BT        DT

          0.3      0.25          0.          0.             0.                 0            0.         0.

$#     SFS       SFM       SST       MST      SFST      SFMT       FSF       VSF

             1.            1.          0.             0.           1.              1.            1.        1.

$#    SOFT    SOFSCL    LCIDAB    MAXPAR     SBOPT     DEPTH     BSORT    FRCFRQ

               0.             0.1                0.                  0.                0.             2.                0.                1.

$#   PENMAX    THKOPT               SNLOG      ISYM     I2D3D    SLDTHK    SLDSTF

                    0.                0                           0               0             0                  0.               0.
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APPENDIX B

(SUMMARY OF COMPOSITE PANEL WEIGHT CALCULATION)
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APPENDIX B

(SUMMARY OF COMPOSITE PANEL WEIGHT CALCULATION)

CALCULATION OF WEIGHT OF THE COMPOSITE PANEL

Weight of a Ford Taurus Car = 1545 Kgs.

Panel Length, L = 1422 mm

Panel Width, W = 930 mm

Rib Width, RW = 6 mm

Rib Height, RH = 6 mm

No. of diagonal Ribs, ND = 20

No. of Longitudinal Ribs, NL= 9

Skin Length, SL = 1422 mm

Skin Width, SW = 930 mm

Skin Thickness, ST = 2 mm

Density of Rib Composite material, R = 1600 * 10-9Kg/mm3

Density of Skin Composite material, S  = 1890 * 10-9Kg/mm3

Total Weight of Ribs (Approx) = (ND* RW *RH *W * R) + (NL* RW *RH *L* R)

  = 1.809 Kgs.

Total Weight of Skin (Approx) = (SL * SW * ST * S )

  = 4.999 Kgs.

Total Weight of the Composite Panel = Total Weight of Ribs + Total Weight of Skin

 (Approx) = 6.808 Kgs.

Weight of the Composite Panel compared to Weight of a Ford Taurus Car (%) = 0.441%

=> The Composite Panel adds 0.44% to the Ford Taurus’s Weight as a Reinforcement


